This short critical review summarises and analyses the developments in Fischer-Tropsch catalysis using bimetallic alloys. We introduce a simple notation for such catalysts, and monitor the reports of synergistic effects and composition/performance relationships. Special attention is given to CoFe alloys on a variety of supports, and to the effects of catalyst preparation methods and pre-treatment conditions. The key drawbacks in comparing the large amount of data available on Fischer-Tropsch catalysis are the high dimensionality of the problem and the lack of long time-on-stream studies. Based on the new understanding coming from characterisation studies of supported bimetallic particles, we propose a structured approach for effectively studying Fischer-Tropsch catalysis.
Introduction
Efforts to synthesise hydrocarbons by the catalytic hydrogenation of carbon monoxide date back to 1902, when Sabatier and Senderens synthesised hydrocarbons from CO and H 2 . Later, in 1922, Hans Fischer and Franz Tropsch proposed the Synthol process, in which aliphatic oxygenated compounds were produced by the reaction of CO with H 2 . 1 They used cobalt and/or iron as the first catalysts for syngas conversion. There are several excellent reviews on different aspects of using these catalysts for the F-T reaction. [2] [3] [4] The most important limitation to the industrialization of F-T processes is the availability of cheap oil. Industrial interest in F-T reactions always peaks during oil crises ( Fig. 1 ). Increasing regulations on CO 2 emissions can deter the development of F-T technologies, especially coal-to-liquid (CTL) technology, where part of the CO is converted to CO 2 to reestablish the desired H 2 : CO stoichiometric ratio,~2 : 1 (eqn. 1). F-T may, however, play an important role in the future development of biomass-to-liquid (BTL) technology, which is supposed to be almost CO 2 neutral. The Kyoto protocol recognizes the importance of developing and deploying new technologies with less impact on the environment. While F-T is no new technology, it is versatile enough to be adapted for converting a variety of feedstocks to fuels. F-T can convert biomass to a clean fuel (so-called green diesel). It is also an environmentally benign way to convert biosyngas, produced by the gasification of organic residues related to human activities, to liquid fuels. Residue upgrading is comparatively easy compared to conventional crude oil refineries. Synthetic liquid fuels from F-T generally have low contents of sulphur, nitrogen and aromatic compounds compared to gasoline or diesel from crude oil. If effective controls are established, there will be no water effluent from an F-T complex. Hence, F-T fuels are considered as more environmentally friendly than those produced from crude oil.
Nevertheless, despite the ongoing research efforts, controlling product selectivity and overcoming catalyst deactivation remain the major obstacles for commercialising F-T technology. F-T catalysts must be selective towards desirable products (i.e., gasoline, diesel fuel, or a-olefins) for the synthesis to have any commercial viability (eqn 1). Recently, several groups have explored using bimetallic catalysts to control selectivity and suppress deactivation. Here, we give an overview of the recent literature on bimetallic F-T catalysts, and discuss the pros and cons of working with bimetallic systems.
(1)
Most studies using bimetallic catalysts have focused on a combination of conventional F-T transition metals, namely Co, Ni, Fe and Ru. Among these, Co and Fe are the most widely used. Ni is relatively inexpensive but also gives more lower alkanes. Ru shows good catalytic properties but its annual world supply cannot even fulfil the requirements of an average plant. We therefore focus first on Co and Fe, followed by a number of examples of other bimetallic catalyst systems.
As with any solid-catalysed reaction, F-T synthesis proceeds on surface sites. Hence, it requires precise control of several parameters to maximize the surface active species. These parameters may include reducibility of the active metal, dispersion of the metal, phase composition and the type of metal-support interaction. Often, these parameters are interdependent. In the case of bimetallic catalysts, the question then becomes how these parameters change in the presence of the second metallic species. Unfortunately, many of the studies on F-T synthesis do not report these parameters. We have thus restricted ourselves to
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Catalyst notation
The major parameter determining the intrinsic properties of the catalyst is clearly the ratio between the two metals. First, lacking a general and accepted notation for describing F-T catalysts, we proposed the following (eqn 2), n%( x M1 y M2)/support (2) where n is the total wt% of metals on the support, M1 and M2 are the metals, and x and y are the relative wt% of M1 and M2, respectively. For example, a catalyst comprised of 66 wt% Co and 33 wt% Fe on alumina, with a total metal loading of 10 wt%, would be noted as 10%( 66 Co 33 Fe)/Al 2 O 3 . Similarly, a catalyst comprised of 50 wt% Co and 50 wt% Ni on titania, with a total metal loading of 15 wt%, would be noted as 15%( 50 Co 50 Ni)/TiO 2 . We have opted for relative wt% instead of molar ratio because, although the latter is more chemically meaningful, the former is most widely used for bimetallic catalysts in the literature.
Preparation methods and activity
Several methods such as coprecipitation, impregnation and deposition-precipitation were used to prepare bimetallic catalysts. In one of the studies, (CoFe)/TiO 2 catalysts prepared by coprecipitation and impregnation were compared. In the former method, a co-solution of the Fe(NO 3 ) 3 and Co(NO 3 ) 2 was precipitated with a Na 2 CO 3 solution. TiO 2 powder was then stirred into the hot precipitate and mixed thoroughly until a homogeneous mixture was obtained. In the latter case, the catalysts were prepared by a single co-impregnation of a hot solution of iron and cobalt nitrates onto pre-calcined TiO 2 by incipient wetness procedures. CoFe/TiO 2 prepared by impregnation was more active than that prepared by co-precipitation. The results of (CoFe)/TiO 2 catalysts prepared using co-precipitation also showed a lower activity than the equivalent Co/TiO 2 catalyst. 6 Selectivity patterns of the bimetallic catalysts differed from those of monometallic ones. The Fe/TiO 2 catalyst produced olefins and oxygenates, and also showed a much higher WGS activity compared to Co/TiO 2 . The latter exhibited better hydrocarbon chain growth probabilities and a very low selectivity towards methane.
Duvenhage et al. also reported a bimetallic system prepared by dual impregnation. Here, cobalt was first deposited on titania by incipient wetness impregnation and then calcined. Then, the Co/TiO 2 system was impregnated with iron and re-calcined. This catalyst was even less active than the corresponding coimpregnated system. It behaved like an iron-rich catalyst, though the Fe content was much lower than the Co content. Clearly, Fe segregates from CoFe systems in the iron-rich part of the phase diagram (Scheme 1). Other studies on CoFe catalysts, reported by Nakamura and co-workers, also showed that the product selectivity was correlated with the most abundant metal. 7 Deng et al. reported recently that silica-supported (CuCo)/SiO 2 catalysts, prepared by impregnation of nitrates, gave a >40% selectivity towards higher alcohols. 8 The struc- ture and performance of catalysts were significantly affected by the impregnation sequence and synthesis conditions. The (CuCo)/SiO 2 catalyst prepared by co-impregnation gave higher alcohol yields.
Another method uses metal carbonyl complexes as precursors of bimetallic active species. Chen et al. prepared carbonsupported Fe, Co and FeCo catalysts from metal carbonyl clusters using Co 2 (CO) 8 and Fe 3 (CO) 12 . 9 These catalysts do not require a high temperature reduction step because of the initial zero-valent state of the metal atoms and the absence of oxygen functional groups on the carbon surface. The Co/C catalyst derived from Co 2 (CO) 8 produced only paraffins and maintained a steady activity. The Fe/C catalyst had much lower turnover frequencies but a much higher olefin : paraffin ratio. The major product was always methane, with the lowest selectivity (44 mol%) exhibited by iron and the highest selectivity (91.6 mol%) by Co. The mixed-metal clusters showed activity and selectivity behaviours intermediate between these two extremes, and the unpromoted samples displayed more Fe-like behaviour after a high temperature treatment. Adding potassium markedly decreased both activity and methane selectivity, yet enhanced olefin selectivity. The activity of the monometallic catalysts was increased after a high temperature reduction, while that of bimetallic catalysts either remained constant or decreased.
A lower activity was also observed for (CoFe)/TiO 2 compared to Co/TiO 2 prepared by the impregnation of metal carbonyl complexes. 6,10 The catalysts were prepared using either a dimer complex of Fe and Co as the precursor or a mixture of monometallic complexes. The former produced more high molecular weight hydrocarbons with a better olefin selectivity, while the latter yielded more gasoline. Both carbonyl-derived CoFe systems showed a superior selectivity towards olefin products than that found for any of the incipient wetness and precipitated bimetallic systems. This high olefin selectivity and lower methane formation are in marked contrast to the observations of Chen et al. 9 However, no advantage with respect to activity was observed when mixing Fe and Co compared to pure Co/TiO 2 for either series. Another study using a (FeCo)/Al 2 O 3 catalyst prepared by the impregnation of bimetallic carbonyl complexes also gave a lower activity compared to monometallic cobalt. 11 The bimetallic catalyst produced more olefins. Conversely, the catalyst prepared from a mixture of Fe(CO) 5 and Co 2 (CO) 8 gave more methane and a higher CO conversion. The difference was attributed to an intermetallic CoFe compound on the surface in the former case.
Metal carbonyl clusters were also used to prepare (CoRu)/SiO 2 and (CoRh)/SiO 2 catalysts. The selectivity for hydrocarbons was over 90% with the former catalyst. High selectivity for C 5 -C 13 hydrocarbons (45-65%) and also selectivity for methane (< 20%) was exhibited by all the catalysts, except for Ru/SiO 2 (prepared from H 4 Ru 4 (CO) 12 ), which gave preferentially C 8+ products (> 75%). Conversely, (CoRh)/SiO 2 catalysts, with the exception of Co 4 /SiO 2 , gave less CO conversion and tended to produce methane and light hydrocarbons. The chain growth probability was related to the number of cobalt atoms in the precursor. The catalysts prepared from bimetallic clusters produced more oxygenates than those prepared from homometallic ones. However, when the selectivity for oxygenates increased, the activity decreased. 12 A different activity pattern was observed for 1%(CoRu)/SiO 2 catalysts prepared from carbonyl cluster precursors using a reflux method. 13, 14 The activity of the different precursors decreased in the order: Ru 4 /SiO 2 (Co 4 + Ru 4 )/SiO 2 > CoRu 3 /SiO 2 > Co 3 Ru/SiO 2 > Co 2 Ru 2 (I)/SiO 2 > Co 2 Ru 2 (II)/SiO 2 , Co 4 /SiO 2 , where the subscripts denote the molar content of each metal in the precursor complex and (I) refers to the hydridic carbonyl precursor. Here, using a CoRu(II) precursor gave an inactive catalyst, but when the same precursor was used with the impregnation method, the resulting catalyst was highly active, surpassing that prepared from the corresponding hydrido-carbonyl CoRu(I) complex. The catalyst prepared using a mixture of two homometallic clusters (Co + Ru) was the least active among those prepared by impregnation, but when using the reflux method it was second only to monometallic Ru/SiO 2 . Refluxed catalysts showed a generally higher activity per metal atom compared with the corresponding impregnated catalysts.
Both methods displayed a similar correlation between the ratio of the two metals in the precursor cluster and the catalytic activity, with a minimum at 1 : 1 Co : Ru. The Co 2 Ru 2 (II) precursor was again exceptional: for the impregnated catalysts, Co 2 Ru 2 (II)/SiO 2 gave a much higher activity than Co 2 Ru 2 (I)/SiO 2 , but the opposite was observed with the reflux method.
The main products here were also straight-chained hydrocarbons (>90 C%). Generally, the products over refluxed catalysts were not as heavy as over impregnated catalysts. The selectivity for C 5 -C 8 hydrocarbons increased with respect to the heaviest C 8+ products. The catalysts showed a remarkably low activity for the hydrogenation of olefins. Among the C 3 -C 7 hydrocarbons, a-olefins predominated over the corresponding paraffins. The heavy hydrocarbon fraction increased with the amount of ruthenium. Higher amounts of CO 2 formed with all the refluxed catalysts, indicating that these favour the water-gas shift (WGS).
Studying (CoRu)/SiO 2 catalysts prepared via ion-exchange, Reinikainen et al. found that these were more active than ones prepared from tetranuclear carbonyl complexes by reflux techniques. 13 Moreover, the amounts of metal analysed after the reaction were better retained for the catalysts prepared by the ion-exchange method. The hydrogen and CO uptake of (CoRu)/SiO 2 were much higher than for a physical mixture of Co/SiO 2 and Ru/SiO 2 . Hence, ruthenium aids the reduction of cobalt in the bimetallic system. However, the Ru/SiO 2 catalyst gave the highest activity in CO hydrogenation. 14 The CO hydrogenation activity of (CoRu)/SiO 2 was lower than expected according to the activities of Co and Ru, and that of the Co + Ru mixture was also lower than the average of its components. Regarding selectivity, (CoRu)/SiO 2 , Ru/SiO 2 and the Co + Ru mixture all produced less methane than monometallic cobalt. However, (CoRu)/SiO 2 gave less C 5+ hydrocarbons than expected, and was relatively more selective for methanol (15.7%). This indicates that neither metal was present in its pure form.
These contradictory results affirm that the performance of F-T catalysts based on cluster precursors is governed by several factors: the structure and composition of the precursor cluster, the method of deposition of the precursor on the support, and the preparation process conditions are all of crucial importance. Additionally, calcination, drying rate and atmospheric composition all influence catalyst performance.
The homogeneous deposition-precipitation of complex nickel-iron cyanides was used in preparing (NiFe)/TiO 2 . 15 Catalysts prepared from K 3 Fe(CN) 6 and Na 2 Fe(CN) 5 NO precursors exhibited a high activity and selectivity, whereas those prepared from K 4 Fe(CN) 6 were inactive. This lack of activity was attributed to the high potassium concentrations. However, no influence of the nickel-iron ratio on the performance was observed. Comparing the precipitated catalysts with those prepared by the impregnation of carbonyl complexes showed that the latter produce more olefins and long-chain hydrocarbons. 6 The methane level produced with the most active carbonyl bimetallic catalyst was 10%, while higher methane levels were obtained with precipitated catalysts.
This work also shows the role of counter ions in determining the properties of the final catalyst. This is an important parameter in co-precipitation methods as well. Oxidic phases are commonly precipitated using bases such as NaOH and KOH. These methods are prone to the introduction of alkali metals in the final catalyst, which thereby decrease its activity. Methods employing non-residue pH regulators (such as urea or ammonium carbonate) can avoid this problem. De Jong and coworkers 16 used ammonium carbonate to prepare Co supported on carbon nanotubes. A basic solution containing CoCO 3 and (NH 4 ) 2 CO 3 was heated, resulting in Co phase precipitation. NH 3 removal from the solution and a consequent decrease in pH was responsible for the precipitation. The catalyst thus prepared was highly active and selective towards C 5+ hydrocarbons. We could not find any examples of bimetallic catalysts prepared by this method. The use of easily removable precipitants and pH regulators should be preferred for bimetallic catalysts, as well to avoid unintended metal dopants.
Elsewhere, F-T synthesis was performed with a series of alumina-supported copper-iron catalysts, prepared via the deposition-precipitation of cyanide complexes. 17 The initial activity of these catalysts was substantially higher than that of an analogous monometallic iron catalyst. However, the difference decreased with time-on-stream. Interestingly, here, the production of C 5+ , CO 2 and olefins increased with the copper content of the catalyst. A rapid segregation of the iron as iron carbide was observed in this work, also after the exposure of reduced bimetallic CuFe catalysts to CO/H 2 mixtures at 275 • C.
The deactivation of the catalysts was assigned to the formation of c-Fe 5 C 2 carbide, which is fairly stable against reaction of carbidic carbon with hydrogen.
Bimetallic catalysts were also prepared using a plasmaspraying technique. In this approach, catalyst precursors were directly plasma-sprayed on the inner surface of the reactor. The CoFe catalyst thus prepared exhibited a higher CO conversion and hydrocarbon selectivity than a cobalt catalyst under similar process conditions. The plasma-sprayed CoFe catalyst was also more active than a powdered CoFe catalyst. 18 Another approach used for preparing bimetallic catalysts is anchoring hydridic complexes, such as HFeCo 3 (CO) 12 , onto basic supports, such as silica modified by amino donor functions. 19 At 20% conversion (1 atm and 240 • C), a maximum selectivity was observed for C 6 , as well as a high olefin content (~95% in the C 3 -C 5 range). The selectivity for methane was 12.5%. Increasing the pressure led to improved conversions, higher methane selectivity and less olefins. However, no comparative data for monometallic catalysts were reported.
Elsewhere, using partially degraded CoFe complexes, a normal selectivity pattern was observed with iron-cobalt alloy catalysts under steady-state conditions and elevated pressures. 20 Interestingly, the unsupported catalysts maintained a remarkably high activity and selectivity, particularly in view of the hydrogen-poor conditions.
Cabet et al. prepared cobalt-iron alloy/cobalt-doped magnetite catalysts (spinel structure), in which the Co and Fe are in a metallic state without any reducing treatment. The preparation was based upon the coprecipitation of hydroxides in a boiling basic medium. Depending on the catalyst treatment, products ranged between hydrocarbons and CO 2 . When the spinel was preserved, a selectivity for hydrocarbons of 56.4% (31.1% C 2 -C 4 ) was obtained at a CO conversion of 5%. 21
Composition and activity
Several studies have reported an enhanced activity by the mixing of two metals. Regarding the Fe-Co system, Arai et al. observed higher activity for FeCo/TiO 2 bimetallic catalysts compared to the pure metal catalysts (Table 1, ESI †). 22 Moreover, bimetallic catalysts were more selective towards higher molecular weight hydrocarbons. Among the compositions studied, catalysts with equal amounts of both metals, e.g. 10%( 50 Fe 50 Co)/TiO 2 , showed the highest activity, the highest yield of C 6+ hydrocarbons and the lowest methane selectivity. Similar results were obtained with CoNi/TiO 2 and NiFe/TiO 2 . Another study also reported an enhanced CO conversion for FeCo/silica bimetallic catalysts. 10 Adding iron to the cobalt catalyst increased the CO conversion compared to Co/silica. The 15%( 33 Fe 67 Co)/SiO 2 catalyst was the most active at 533K. However, the major products were C 1 -C 4 hydrocarbons. The selectivity shifted towards heavier hydrocarbons at higher temperatures.
Higher CO conversions were observed for a 12% ( 30 Fe 70 Co)/ZrO 2 catalyst compared to 11%Fe/ZrO 2 . The bimetallic catalyst showed a lower methanation activity, and higher C 4 and C 2 -C 4 olefin selectivities. 23 Another study has reported that the characteristics of "bimetallic" FeCo on Y zeolite are dominated by Fe. The low molecular weight olefin : paraffin ratios were similar for FeCo/HY and Fe/HY. 24 Ishihara et al. have reported an enhanced activity for CoNi/SiO 2 catalysts compared to monometallic Co and Ni on silica. 25 10%( 50 Ni 50 Co)/SiO 2 gave a six-fold higher conversion than Co and/or Ni. The CoNi alloy catalysts showed a high selectivity for higher hydrocarbons, particularly gasoline compounds, compared to Ni alone. Comparing catalysts on different supports showed that electron-donating oxides such as MgO, PbO and ZnO lowered the overall activity of the 50 Co 50 Ni alloy. 26 The CO conversion, as well as the chain growth probability, was higher over 10%( 50 Ni 50 Co)/TiO 2 and 10%( 50 Ni 50 Co)/MnO 2 .
Iglesia et al. have reported enhanced F-T reaction rates for bimetallic 12%( 99.4 Co 0.6 Ru)/TiO 2 . The yield (normalised per second and cobalt content) doubled for the bimetallic precursor after reduction in H 2 compared to Co/TiO 2 , and the selectivity to C 5+ products also increased. The rate and C 5+ selectivity were increased further when the catalyst was calcined prior to reduction. Bimetallic catalysts also increased the molecular weight and paraffin content of the F-T products. A similar bimetallic synergy was observed for 23%( 99.3 Co 0.7 Ru)/SiO 2 . In this case, calcination was required to induce the bimetallic synergy. The deactivation of bimetallic catalysts was qualitatively similar to that of Co. However, a hydrogen treatment at 483 K for 14 h restored rates and selectivities of the bimetallic catalysts to values similar to those observed during the initial 24 h of catalyst operation (this was not observed for monometallic Co catalysts).
Xiao et al. have reported an increase in the activity of bimetallic catalysts with increasing molar Co/Ru ratio. Catalysts made from homometallic Co or Ru carbonyl precursors were less active than any bimetallic combinations. 27 While some publications have reported an enhanced activity for bimetallic catalysts compared to monometallic catalysts, many others reported an opposite trend (Fig. 2) . The contradictory results on the selectivity also becomes clear when C 5+ selectivity is plotted against conversion ( Fig. 3 ). Kiviaho and coworkers prepared silica-supported bimetallic catalysts Co 4 -n Ru n and Co 4 -n Rh n by impregnating tetranuclear cobalt, CoRu, CoRh and rhodium carbonyl clusters as catalyst precursors. 28 Notably, the catalytic activities were lowest for 1 : 1 Co : Ru and Co : Rh ratios. The authors attributed this difference to the different pre-treatments of the catalysts. Similarly, Ma et al. observed a decrease in CO conversion with increasing Fe content for FeCo/SiO 2 catalysts. 29 The results, obtained at a steady-state after stabilizing for over 50 h, showed that Fe-rich catalysts needed higher reaction temperatures to reach a given CO conversion compared to Co-rich examples. Moreover, the C 2 -C 5 product fraction increased at the expense of C 5+ . Duvenhage's group have also reported a decrease in the overall activity of CoFe/TiO 2 bimetallic systems compared to that of pure Co/TiO 2 . 30 The CO conversion using 10%( 50 Fe 50 Co)TiO 2 was less than half that obtained with 10%Co/TiO 2 , but higher than that of 10%Fe/TiO 2 . The increase in iron content shifted the products to lower hydrocarbons, LPG and petrol fractions. Methane selectivities for the bimetallic catalysts ranged between 15-20 wt%, depending on the metal ratios. A lower CO TOF was reported for 5%( 80 Fe 20 Co)/silica compared to monometallic catalysts. 31 Amelse et al. have reported a lower activity for NiFe/SiO 2 than for either single metal. 32 The results of Arai et al., however, show a higher activity, higher selectivity for C 6+ hydrocarbons and a lower selectivity for methane with NiFe/TiO 2 than with the individual components. 22 Here, 10%( 75 Ni 25 Fe)/TiO 2 was the most active, giving more C 2 -C 5 olefins than methane. Once again, however, different studies report different trends for NiFe catalysts. Ishihara et al. have reported a maximum activity for a 10%( 75 Ni 25 Fe)/TiO 2 sample, but the selectivity for C 2+ hydrocarbons did not depend on the Ni : Fe ratio. 33 Conversely, Udrea et al. found a composition-dependent behaviour for NiFe/Al 2 O 3 catalysts. 34 The highest activity and selectivity for C 2+ hydrocarbons were obtained with 10%( 80 Ni 20 Fe)/Al 2 O 3 and 10%( 50 Ni 50 Fe)/Al 2 O 3 . The difference in activity and selectivity was explained by two competing processes: the formation of C 2 -C 5 hydrocarbons and their hydrogenolysis. The increase in methane at higher Ni loadings was attributed to C-C bond scission. 16 In another study using equimolar ( 50 Ni 50 Fe)/SiO 2 , the product distributions were similar to those of 100 Ni/SiO 2 . 35 Both the NiFe alloy phase and an unreduced ferrous phase were identified by post-reaction, room temperature Mossbauer spectroscopy. Notably, no bulk carbide formation was detected in the alloy phase after 6 h using a feed of 3.3 : 1 H 2 : CO at 250 • C.
Many of the CoFe catalyst systems show a non-linear activitycomposition relationship. For example, Tavasoli et al. have reported a higher CO conversion with increasing Fe content up to 0.5 wt% for CoFe supported on carbon nanotubes. 36 However, higher Fe loadings decreased the activity. The monometallic cobalt catalyst gave preferentially C 5+ hydrocarbons, while monometallic iron was selective for C 1 -C 5 products. Adding small amounts of Fe to the Co did not change the selectivity. However, higher amounts of iron gave more methane and less C 5+ products. Notably, monometallic iron gave 3.5 times as much olefin compared to monometallic cobalt. Using bimetallic catalysts, the olefin : paraffin product ratio increased with the addition of iron. A reduced hydrogen mobility, as well as lower hydrogen adsorption rates, could explain the decrease in olefin hydrogenation for the iron-containing catalysts. 37 Similarly, the alcohol selectivity of monometallic iron was about 4 times higher than that of monometallic cobalt. Once again, adding iron to the cobalt yielded more alcohols.
Lögdberg et al. also observed that alloying cobalt with small amounts of iron improved the activity of Co/Al 2 O 3 , especially when using hydrogen-poor feeds (H 2 : CO ratio = 1 : 1). 38 This was accomplished without increasing the WGS activity, and is therefore thought to be due to a higher F-T activity of the CoFe mixtures compared to monometallic Co. Conversely, alloying iron with small amounts of Co increased the relative WGS activity and lowered the F-T activity compared to monometallic Fe. The bimetallic catalysts showed essentially no synergy effects with respect to hydrocarbon selectivities and olefin/paraffin ratios. Small amounts of Fe increased the overall activity but reduced the C 5+ fraction selectivity. The authors related the results to a dilution effect of Co with Fe. They also observed a more pronounced deactivation effect for catalysts with a higher Fe content.
Copper may facilitate the reduction of iron oxide to metallic iron during hydrogen activation by lowering the reduction temperature which, in turn, reduces the sintering of the metallic iron formed. 39 Some early patents claim that adding Cu enhances the selectivity for oxygenated products. 40 In one study, more C 5+ was obtained using FeCu than with monometallic iron. 41 However, another study concluded that copper does not alter activity or selectivity. 42 Hence, the effects of alloying Cu and Fe remain a moot point.
Wielers et al. have observed that using 20%(FeCu)/SiO 2 , the F-T activity passes through a maximum at a Cu content of 10-20%. 40 A monometallic copper catalyst was inactive under these conditions. 43 The reducibility of 20%( 100 Fe)/SiO 2 catalyst was rather low, and the reduced iron particles were (partly) encapsulated by iron(II) silicate. 44 Iron present in the bimetallic particles was not encapsulated by iron(II) silicate. This led to a higher F-T activity for 20%( 50 Fe 50 Cu)/SiO 2 . Copper did not affect the probability of chain growth, nor did it prevent iron clusters present in a copper matrix from forming iron carbide. It was observed that CO could induce at 25 • C a significant iron enrichment in the surface of the bimetallic Fe-Cu particles. 44 Hence, it was suggested that the iron-iron carbide concentration on the surface is appreciably higher than the iron-iron carbide bulk concentration of the bimetallic particles during the F-T process, leading to islets (or even a complete layer) of this active phase. With increasing copper concentration, these islets will become smaller, gradually decreasing the activity. Changes in selectivity were only observed at higher copper concentrations, supporting the concept that at low copper fractions the copper atoms are covered by iron-iron carbide islets (Scheme 2). Both the CO 2 and CH 4 selectivities increased with increasing copper concentration, at the expense of olefins. This shows that the WGS reaction and the hydrogenation reaction by exposed copper becomes significant at higher Cu concentrations. Hence, the surface concentrations of individual catalyst components play a major role in determining the activity and selectivity. Filamentary carbon growth was observed on the monometallic iron particles as well as the on iron-iron carbide islets present on the surface of the bimetallic particles. It was suggested that this growth was suppressed at high Cu concentrations and the deactivation rate was reduced. 47 However, longer time-onstream studies are necessary to confirm this hypothesis.
Reduction behaviour of bimetallic catalysts and F-T activity
In general, mixed CoFe catalysts have a different reduction behaviour to monometallic ones. TPR studies of monometallic cobalt generally show two peaks, attributed to a two-step reduction of Co 3 O 4 (Co 3 O 4 →CoO→Co 0 ; Fig. 4, top) . 45, 46 The first reduction step occurs at~300 • C and the second at 440 • C. Typical TPR profiles of Fe/SiO 2 show three peaks at around 405, 580 and 720 • C, respectively. These are consistent with three consecutive reduction steps: a-Fe 2 O 3 →Fe 3 O 4 →FeO→Fe (Fig.  4, bottom) . 47 The reduction behaviour of bimetallic catalysts depends on several factors, such as the preparation method, type of precursors, pre-treatment and support. Some studies have reported a higher reducibility for CoFe than for the individual components. TPR studies of CoFe/SiO 2 , prepared by impregnation, have shown a shift to lower temperatures with increasing cobalt content. 48 Similar results were obtained using TiO 2 . 30 More reduction was observed for 10%( 50 Fe 50 Co)/TiO 2 Fig. 4 Typical TPR plots of the cobalt (top) and the iron (bottom) reduction. than for 5%( 100 Co)/TiO 2 or 10%( 100 Co)/TiO 2 . 49 However, less reducibility was reported for 10%( 25 Fe 75 Co)/TiO 2 and 10%( 75 Fe 25 Co)/TiO 2 catalysts compared to pure ( 100 Co)/TiO 2 . 49 The extent of reduction of monometallic iron catalysts was roughly half that of monometallic Co, with an inverse relationship between reduction and dispersion. 49 This shows that dispersed particles are not easily reduced.
Similar trends were observed for catalysts prepared by precipitation. Higher reduction levels were reported for 10%( 50 Fe 50 Co)/TiO 2 compared to monometallic cobalt. TPR studies by Ma et al. showed that reducibility decreases with increasing Fe content. 48 Catalysts prepared by precipitation were more easily reduced than those made by impregnation. 6 The shift in the two reduction peaks associated with iron and cobalt was lowered by about 100 • C. The catalyst prepared from a mixture of metal carbonyl complexes ([CpFe(CO) 2 ] 2 /Co(CO) 8 ) reduced at a slightly lower temperature than mixed metal carbonyl dimer (Cp(CO) 2 FeCo(CO) 4 ). This suggests different Fe/Co interactions with the TiO 2 support. The reduction behaviour is further complicated by the formation of mixed phases of Fe/Co and support. For example, an ilmenite (FeTiO 3 ) phase was identified for Fe/TiO 2 that was reduced for 16 h at 350 • C. 30 Higher reduction was also observed upon adding Cu, Au and Ag to Co. Jacobs et al. showed that cobalt reducibility increased from 50% for monometallic Co/Al 2 O 3 to 93% for 15%( 1.63 Cu 98.37 Co)/Al 2 O 3 . 50 However, the activity in terms of CO conversion and selectivity towards higher hydrocarbons decreased significantly for bimetallic catalysts. The authors also observed a higher reducibility for AgCo and AuCo catalysts. In the case of AgCo, the reducibility correlated linearly with the CO conversion and selectivity towards higher hydrocarbons. For AuCo, the linear relationship was valid when the amount of Au was <5%. Reducibility and dispersion were not correlated.
Guczi et al. have studied the structure and catalytic activity of (ReCo)/Al 2 O 3 and (ReCo)/NaY zeolite, prepared by sol/gel and incipient wetness techniques. 51 They established that Re promotes cobalt reduction, but that the formation of bimetallic particles depends on the support: sol/gel prepared and Al 2 O 3supported samples produced bimetallic particles, whereas using NaY as a support did not. Rhenium promoted the cobalt activity and the selective formation of higher hydrocarbons. The alumina-supported sample was more active than the zeolite one. This was partly due to the higher reducibility of cobalt in the former. However, the selectivity was unchanged.
In another study, Reinikainen et al. found that both CO conversion and catalyst reducibility were higher for CoRu catalysts compared to monometallic cobalt. 13,14 However, monometallic ruthenium was more active and selective towards higher hydrocarbons compared to CoRu, though the reducibility of the former was lower.
TPR studies of CoFe catalysts typically show that cobalt facilitates the reduction of iron. 30,52,53 However, the effect of adding iron on CoFe alloys is much more complex. Confusingly, Tavasoli et al. observed a decrease in reducibility with the addition of high amounts of iron to Co/TiO 2 , though lower Fe contents in the bimetallic catalysts increased the reducibility. 25 When iron is present in high concentrations, the catalyst takes 1956 | Green Chem., 2011, 13, [1950] [1951] [1952] [1953] [1954] [1955] [1956] [1957] [1958] [1959] This journal is © The Royal Society of Chemistry 2011 on the properties of this metal. Hence the net result is an increase in the Co reduction temperature. 54 Generally, higher reduction levels go hand-in-hand with higher activity. This is the case, for example, for 10%( 50 Fe 50 Co)/TiO 2 . 55 Methane production levels increased with reduction temperature, while the C 5+ fraction diminished. This was also observed for Co/Al 2 O 3 and Co/TiO 2 , reduced between 380 and 530 • C. 56 Increased olefin production was observed for 10%( 50 Fe 50 Co)/TiO 2 and for Co/TiO 2 at higher reduction temperatures. 57 The WGS activity was low, observable only at low calcination and reduction temperatures. Tavasoli et al. observed a linear relationship between reducibility and dispersion with the CO conversion, and an inverse relationship with methane formation. 36 Ma et al. also observed a linear relationship between CO conversion and reducibility. 48 The relationship between activity and reducibility, however, is more complex for bimetallic catalysts. Thus, 10%( 50 Fe 50 Co)/TiO 2 showed more reduction compared with either 5%( 100 Co)/TiO 2 or 10%( 100 Co)/TiO 2 . However, the CO conversion values were 36.3, 42.5 and 63.9%, respectively. 49 Thus, adding iron increases the reducibility of cobalt in this case, but does not enhance its catalytic performance.
Moreover, the relationship between reducibility and catalytic performance changes at higher reduction temperatures. 55 CoFe catalysts reduced at 400 • C showed a lower activity than those reduced at 300 • C, though the reduction level was high.
The influence of crystallite size
There is a clear size-activity relationship in the case of monometallic cobalt catalysts. 3 When using large cobalt particles supported on alumina, silica and titania, the yield and the selectivity are independent of the cobalt particle size. 58, 59 However, the F-T turnover frequencies and the selectivity of cobalt catalysts supported on carbon nanofibres were much lower when the particles were smaller than 8 nm. 60 Decreasing the particle size to 8 nm resulted in more methane and more olefins, at the expense of C 5+ products. Notably, no such trend could be discerned from the available literature for bimetallic catalysts. No change in particle size was observed for a series of CoNi and CoRu bimetallic catalysts, though their activity differed significantly. 25 However, a study on CoFe catalysts reported a decrease in particle size for bimetallic catalysts compared to monometallic catalysts.
Deactivation behaviour of bimetallic F-T catalysts
Readers who have reached this point will not be surprised that several reports on the behaviour of bimetallic catalysts towards deactivation are, to put it mildly, inconsistent. Duvenhage et al. observed qualitatively similar deactivation profiles for monometallic and bimetallic (CoFe)/TiO 2 catalysts. 30 A loss in CO conversion with continued use was seen, especially over the first 50 h on-stream. 30 Similar findings for (CoFe)/SiO 2 catalysts were made by Butt and Schwartz. 61 They also reported that the deactivation effect is more pronounced when the amount of iron in the catalyst increases. At low conversions, bimetallic systems were typically more stable. 61 In another study, Duvenhage et al. observed that the lower the temperature of reduction, the higher the initial activity, but the more unstable was the system over the first 50 h on-stream. 55 According to Lögdberg et al., bimetallic catalysts were more stable against permanent deactivation compared to the pure Co catalyst investigated for 120 h on-stream. 38 Still, this would present no advantage in real F-T conditions, since the bimetallic catalysts suffer from a severe temporary deactivation with respect to both WGS and F-T activity upon exposure to the water pressures prevailing at sufficiently high conversion levels.
Tavasoli et al. studied the deactivation behaviour of the (CoRu)/g-Al 2 O 3 catalyst along the catalytic bed over 850 h onstream. 62 The reactor bed was divided into four sections and samples of spent catalyst from each section were studied for structural changes (Scheme 3). Rapid deactivation was observed during first 200 h. The physical properties of the catalyst in the first two sections did not change. Interaction of cobalt with alumina and the formation of mixed oxides of the form xCoO·yAl 2 O 3 and CoAl 2 O 4 increased along the catalytic bed. The reducibility and dispersion decreased by 2.4-25.5% and 0.5-8.8% for the catalyst in sections 1 and 4, respectively. Moreover, the particle diameter increased by 0.8-6.1% for the catalyst in sections 1 and 4, respectively, suggesting a higher rate of sintering at last catalytic bed. 
Factors leading to the lack of a consistent structure-activity relationship
The above analysis of the published literature reveals that several factors complicate the comparative analysis of the performance of bimetallic catalysts. One of these is the diversity of pretreatment conditions. There are no accepted rules for pretreatment. The problem is that even small changes in pretreatment conditions can influence catalytic activity. An example is the study of the effect of calcination and reduction conditions on the activity of (CoFe)/TiO 2 . 55 The activity was almost doubled when the reduction temperature was increased from 250 to 300 • C. The selectivity for C 5+ hydrocarbons was also increased at 300 • C. However, reduction at still higher temperatures decreased both the activity and C 5+ selectivity. TPO studies of these catalysts showed an increase in the reduction level with increasing reduction temperature, similar to the monometallic catalysts.
A related issue is the phases that form during the pretreatment/reduction stages. Depending on the conditions, the two metals may alloy on the support, exist as separate species or react separately with the support, forming mixed oxides. Often, it is unclear whether alloys really form or not. Duvenhage et al. have suggested that at sufficiently high loadings, CoFe alloys can form on TiO 2 , Ag 2 O 3 and SiO 2 . 30 According to this, pure Co/TiO 2 exists as fcc or hcp, while pure Fe/TiO 2 exists as bcc. The 10%( 50 Fe 50 Co)/TiO 2 catalyst had a bcc alloy of Co and Fe, while in lower Fe content catalysts the Co fcc structure was retained. The possibility of forming a CoFe alloy at some compositions has also been indicated by Lögdberg et al. 38 Mossbauer studies conducted on CoFe/SiO 2 catalysts also suggested the formation of alloy particles. 63 However, another study on silica-supported bimetallic calcined samples showed separate Co 3 O 4 and Fe 2 O 3 phases, with no cobalt-iron mixed oxides. 64 After hydrogen reduction at 500 • C, Co 0 and Fe 0 metallic phases formed in monometallic samples, whilst bimetallic phases comprised mainly two phases: Co 0 (major phase, 76%) and a CoFe alloy. The crystallite size of the alloyed phase increased with iron content, whereas that of the Co 0 phase remained constant. An improved catalyst performance in this case was attributed to a better dispersion of the active phase. 65 The presence of small amounts of CoFe alloys is also related to an increased selectivity for alcohols. 36 However, it is unclear whether the alloy phases remain stable during the F-T process, or whether such small alloy amounts are actually causing the change in selectivity. The low amounts of alloy phases could explain the absence of a synergetic behaviour for Co + Fe. This combination does not exhibit the additive properties for activity and selectivity expected from combining the individual metals.
Remarkably, other groups did not observe alloy formation for mixed metal catalysts. X-Ray diffraction of fresh CoFe catalysts by Ma et al. revealed hematite and Co 3 O 4 spinel phases on ironrich and cobalt-rich catalysts, respectively. 48 The spent iron-rich catalyst showed iron carbide reflections, while the cobalt-rich catalyst displayed patterns typical of cobalt oxide (CoO) and metallic cobalt. EXAFS studies on CoCu, CoAg and CoAu revealed only homometallic bonds, suggesting that the metals formed separate phases. 50 Another parameter affecting the properties of the catalyst could be the preferential surface segregation of one of the components during pre-treatment, reduction or reaction. An early example was shown for CuNi alloys, where the activity per unit area decreased by a factor of 220 upon alloying. 66 No changes in the electronic structure of the nickel atoms were observed. Analysis using low energy Auger electrons (at 100 eV, about 50% of the total signal comes from the first layer) showed a segregation of copper on the surface. 67, 68 Similarly, surface enrichment of Fe was observed by XPS studies of a Fe-Co/Al 2 O 3 catalyst. 38 The surface concentration was similar to the nominal one after 300 s of sputtering for 12%( 15 Fe 85 Co)/Al 2 O 3 , while 12%( 25 Fe 75 Co)/Al 2 O 3 showed an enrichment in surface iron. When this enrichment was higher, the degree of Co reduction was lower. Thus, a thick iron-rich surface layer "protects" the cobalt oxide in the same layer and in the underlying layers from reduction. Surface iron enrichment was also observed by XPS for CoFe catalysts on SiO 2 , TiO 2 , MgO and ZrO 2 . 30,69 CO and H 2 desorption studies showed that the desorption profile of (CoFe)/TiO 2 is similar to that of monometallic Fe/SiO 2 . 70 The surface segregation extent and rate depend on several factors, including metal surface energy, pretreatment conditions and the M1/M2 ratio. Generally speaking, when one metal migrates to the surface, the mixed catalyst will resemble the migrated component. This explains some of the lack of uniformity in reducibility and catalytic performance.
Conclusions
Soberly, the analysis of the literature on bimetallic F-T catalysts as such does not show any direct relationship between structure and catalyst performance. Mostly, this reflects the fact that studies look at F-T catalysts from different perspectives. The many contradictory results are due to a lack of information regarding the actual catalyst. Comparing different catalysts, sharing, for example, a similar nominal composition or initial reaction conditions, can be misleading. Such catalysts may differ in many respects because of the varied preparation or pretreatment conditions. These differences remain unfortunately hidden due to an incomplete overlap of characterization details. Articles reporting the full structural characterization of the catalyst typically lack details about the particle size of the active phase (or its surface area) and/or the reactor type used. Note that full characterization of a system is a time consuming task indeed. For example, Duvenhage and Coville carried out a comprehensive study on CoFe bimetallic catalysts: the first paper of this series appeared in 1997 and the last one was published in 2005.
With rare exceptions, most studies report activity and selectivity values after a few hours of stabilization. In our opinion, since the surface of the catalyst undergoes extensive reconstruction and effects such as surface segregation are important under F-T reaction conditions, studies and characterisation should be done after at least two weeks (~350 h) on-stream. For researchers, this is an unwelcome conclusion. Nevertheless, it is necessary if we are to really understand and improve on the current F-T catalyst systems. Only a systematic study under carefully controlled conditions for longer times-on-stream will give us useful answers.
